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Background 
 Manufacturing and assembly tolerances may 
cause wind turbine (WT) energy production to 
differ significantly from nominal design targets. 
 Issue can be alleviated in two ways: 
 A. Reducing tolerances. This may be expensive. 
 B. Developing reliable and computationally 
affordable robust analysis and design 
optimization technologies. 
 Robust WT rotor is one yielding minimal 
variations of aerodynamic performance arising 
due to errors affecting rotor geometry. 
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Objectives 
 Develop/demonstrate computational framework 
for the robust design optimization of WT rotors. 
Main aim is to 1) maximize expectation and 2) 
minimize standard deviation of yearly energy 
production. 
 Highlight computational effectiveness of the 
Univariate Reduced Quadrature approach to 
‘deterministic’ uncertainty propagation. 
 Highlight capabilities of a recently developed 
multi-level evolution-based optimizer. 
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Blade Element Momentum (BEM) Theory Code 
 
 The aerodynamic module is WINSTRIP, a BEM 
theory FORTRAN code. 
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Blade Element Momentum (BEM) Theory Code 
 Precomputed XFOIL force data of selected 
airfoils are stored in tables as functions of 
Reynolds number and relative angle of attack. 
 
 Input: 1) freestream velocity, 2) rotational 
speed, 3) number of blades, 4) root and tip radii, 
5) radial distributions of chord and twist angle. 
 
 Output: aerodynamic power, axial thrust, root 
bending moment, radial distributions of all 
aerodynamic variables. 
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Uncertainty Analysis: Univariate 
Reduced Quadrature (URQ1) 
 
• Enables deterministic estimation of mean (µf) and variance 
(σ2f) of objective function (or constraint) at substantially 
lower cost w.r.t. Monte Carlo-like methods. 
• For continuous functions (cf’s) and symmetric distribution 
of input variables, µf and σ
2
f are O(σ
2
x). 
• For cf’s and asymmetric distribution of input variables, µf 
and σ2f are O(σ
3
x). 
• For cf’s and relatively weak variable cross-dependence, µf 
and σ2f are O(σ
4
x). 
• Given n stochastic input variables, functional mean and 
variance are determined using 2n + 1 functional 
evaluations at predefined points of a neighbourhood of µx. 
 
 1M. Padulo, M.S. Campobasso and M.D. Guenov, A Novel Uncertainty Propagation Method for 
Robust Aerodynamic Design, AIAA Journal, 49(3), 530-543, (2011) 
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Uncertainty Analysis: Univariate 
Reduced Quadrature (URQ) 
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 The adopted EA hybridises the Multi-Objective 
Parzen based Estimation of Distribution 
(MOPED) algorithm, and the Inflationary 
Differential Evolution Algorithm (IDEA). 
 
• MOPED is used to explore the search space and 
converge to a preliminary approximation of the Pareto 
front. 
• IDEA is then adopted to further push some of the best 
solutions towards the true Pareto front. 
Hybrid Evolutionary Algorithm (EA) 
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Optimization Targets & Constraints 
 Objectives: maximize ETE, expectation of annual energy 
yield TE, and minimize (σTE), standard deviation of TE. 
 Constraints: 1) ETE ≥ 40,000 KWh, 2) (σTE) ≤ 4,500 KWh, 
3) max(EBM)i ≤ 12 KNm, i=1,Nw. EBM denotes expectation 
of maximum root bending moment, and Nw=7 number of 
selected wind speeds. 
 Root radius = 1.3 m. Tip radius = 6.3 m. 
 Single NACA airfoil along entire blade. 
 Power regulation is by variable rotational speed before 
rated wind speed (about 12 m/s), and stall thereafter. 
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Selected Wind Distribution 
Weibull distribution with scale parameter  λ = 7 and shape 
parameter k = 2. 
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Design Variables 
 Nominal blade shape parametrization: 
• 6 design parameters for radial chord distribution: chords at 6 radial 
positions. Interpolations by means of MATLAB function pchip. 
• 6 design parameters for radial twist angle (θT) distribution: angle at 6 
radial positions. Interpolations by means of MATLAB function pchip. 
• 1 design parameter for blade pitch angle (θP,0). 
 
 ‘Control’ design variables: 
• 7 rotational speeds associated with 7 considered wind speeds.  
 
 Geometric parameters are affected by normally distributed 
uncertainty. 
 
 Gaussian distributions are centered at nominal value of 
each parameter and have standard deviation of 1 cm for 
lengths and about 2.5o for angles. 
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Algorithmic and Modeling Choices 
 Algorithmic: 
• URQ or Monte Carlo (MC) uncertainty analysis. 
 Modeling: 
• A: identical errors affect all blades of particular rotor. 
• B: errors are not identical for all rotor blades, though they refer to 
common probability distribution functions. 
 Combining these approaches yields 4 problems: URQ1, 
MC1, URQ3, MC3. 
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Four RDO Problems 
 
 URQ1 and MC1: 
• Rotor blades are identical; Nd=13 design variables define both 
nominal and actual rotor geometry; there are n=13 uncertain design 
variables. 
• As URQ analysis requires 2n+1 evaluations per rotor per wind 
speed, each robust analysis requires (13x2+1)x7= 189 BEM runs.  
Conversely, 10,000 samples are needed by MC1, yielding 70,000 
BEM runs. 
 
 URQ3 and MC3: 
• Rotor blades differ; Nd=13  design variables define nominal rotor 
geometry, but n=39 uncertain variables define actual geometry 
• As URQ analysis requires 2n+1 evaluations per rotor per wind 
speed, each robust analysis requires (39x2+1)x7= 553 BEM runs.  
Conversely, 10,000 samples are needed by MC3, yielding 70,000 
BEM runs. 
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Cross-Validation of URQ/MC 
Uncertainty Propagation 
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URQ1/MC1 RDO’s: Pareto fronts 
 
 
Background 
& Objectives 
 
Simulation 
Tools 
 
Problem   
Set-up 
 
Results 
 
Conclusions 
21 ROBUST AERODYNAMIC DESIGN OPTIMIZATION OF VARIABLE SPEED WIND TURBINE ROTORS 
10th Aerodynamic Design 
Optimisation Seminar  
(ADOS 2012) 
13 - 14 SEPT. 2012 
URQ3/MC3 RDO’s: Pareto fronts 
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Robust vs. Deterministic Design: 
Performance Assessment 
POWER CURVES 
ANNUAL ENERGY YIELD AT 
SELECTED WIND SPEEDS 
OVERALL ANNUAL ENERGY YIELD 
Deterministic : ETE= 89974 KWh, σTE= 4991 KWh 
Robust :          ETE= 91619 KWh, σTE= 2779 KWh    
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Robust vs. Deterministic Design:  
Design and Control 
BLADE DEFINITIONS ROTATIONAL SPEED CONTROL 
MAIN DIFFERENCES BETWEEN 2 DESIGNS: 
1) Robust turbine has lower pitch angle θP. 
2) Robust turbine has lower rotational speed Ω. 
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Robust vs. Deterministic Design:  
Reason for Robustness (12 m/s) 
RADIAL DISTRIBUTION OF 
ANGLE OF ATTACK (A.o.A.) 
RADIAL DISTRIBUSTION OF 
LIFT COEFFICIENT 
A.o.A. along robustly designed blade is higher than 
that along deterministically designed blade due to 1) lower θP,, and 
lower Ω.  
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Reason for Robustness: 
varying slope of lift/A.o.A. curve 
As A.o.A. approaches 10 degrees, slope becomes shallower. 
Given variation of A.o.A. yields smaller CL variation. 
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Conclusions 
 Yearly energy standard deviation of robust 
design is more than 44% lower than value of this 
variable associated with deterministically optimal 
turbine. 
 Lower sensitivity to geometry errors is achieved 
by lowering rotational speed and reducing 
sectional pitch. 
 URQ uncertainty propagation is faster than MC 
sampling and provides comparable accuracy. 
 URQ approach is amenable to adjoint 
technology: sensitivity of output mean and 
variace  can be determined with 2n+1 adjoints. 
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